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The Sodium-Activated Potassium Channel
Is Encoded by a Member of the Slo Gene Family
transport (preventing intracellular Ca2 accumulation),
and may help protect cells by conserving resources
under ischemic conditions. In neurons, they may play a
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cardiomyocytes, KNa may also be involved in action po-1Department of Anatomy and Neurobiology
tential shortening during ischemia (Dryer, 1994). This2 Department of Anesthesiology
shortening of the action potential can be mimicked by3 Department of Genetics
the application of cardiac glycosides, which inhibit theWashington University School of Medicine
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cardiomyocytes, KNa may also contribute to action po-New Haven, Connecticut 06520
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In neurons, the role of KNa is more controversial. Since
neurons usually have a resting membrane conductanceSummary
to Na (Nicholls et al., 1992), KNa may be involved in
controlling the resting membrane potential. Indeed, inNa-activated potassium channels (KNa) have been
quail trigeminal ganglion neurons, KNa channels areidentified in cardiomyocytes and neurons where they
sometimes active at rest (Haimann et al., 1992). Theymay provide protection against ischemia. We now re-
may also serve as a negative feedback mechanism forport that KNa is encoded by the rSlo2 gene (also called
increased Na channel activity, such as during a trainSlack), the mammalian ortholog of slo-2 in C. elegans.
of action potentials, or serve as a conventional delayedrSlo2, heterologously expressed, shares many proper-
rectifier in nonpathological states (Dale, 1993). Duringties of native KNa including activation by intracellular
a train of action potentials, accumulation of intracellularNa, high conductance, and prominent subconduc-
Na may result in the activation of KNa. It has also beentance states. In addition to activation by Na, we report
proposed that Na influx through voltage-gated Nathat rSLO-2 channels are cooperatively activated by
channels during an action potential may produce a tran-intracellular Cl, similar to C. elegans SLO-2 channels.
sient activation of KNa, resulting in action potential repo-Since intracellular Na and Cl both rise in oxygen-
larization (Bader et al., 1985; Dryer et al., 1989). However,deprived cells, coactivation may more effectively trig-
because the sensitivity of native KNa to Na has usuallyger the activity of rSLO-2 channels in ischemia. In C.
been reported to be very low, the role of KNa in normalelegans, mutational and physiological analysis re-
cellular physiology is controversial.vealed that the SLO-2 current is a major component
Despite the many studies describing KNa in vivo, itsof the delayed rectifier. We demonstrate in C. elegans
molecular identity was unknown. We now show that KNathat slo-2 mutants are hypersensitive to hypoxia, sug-
is encoded by rSlo2. rSlo2 (originally called Slack) wasgesting a conserved role for the slo-2 gene subfamily.
recognized as a member of the Slo family of K channels
when originally cloned (Joiner et al., 1998), but its sensi-Introduction
tivity to Na or Cl was not tested. Slo family channels
encode high and intermediate conductance channels
Na-activated K channels (KNa) have been reported in sensitive to a variety of intracellular factors. Two other
guinea pig cardiomyocytes (Kameyama et al., 1984; Luk mammalian Slo paralogues have been characterized:
and Carmeliet, 1990) and various neurons (Bader et al., Slo1 encodes the BK channel, a Ca2-activated large
1985; Dryer et al., 1989; Dryer, 1991; Schwindt et al., conductance K channel (Atkinson et al., 1991; Adelman
1989; Egan et al., 1992b; Dale, 1993; Safronov and Vogel, et al., 1992; Butler et al., 1993), and Slo3 encodes a
1996; Bischoff et al., 1998). Native KNa have distinctive pH-sensitive K channel (Schreiber et al., 1998). SLO
properties, including sensitivity to [Na]i, a large single channels resemble voltage-gated K channels with the
channel conductance, subconductance states, and a addition of a cytoplasmic carboxy-terminal domain. Re-
block of single channel currents at positive potentials, gions in the carboxy-terminal domain like the RCK do-
similar to inward rectification. main (Jiang et al., 2001, 2002; Xia et al., 2002) and the
It is widely accepted that these channels play an im- “calcium bowl” (Schreiber and Salkoff, 1997; Schreiber
portant role under ischemic conditions and digitalis tox- et al., 1999) are important for determining ionic sensitiv-
icity in cardiomyocytes (Kameyama et al., 1984; Luk and ity (Figure 1A). We now show that rSLO-2 is coopera-
Carmeliet, 1990; Mitani and Shattock, 1992). Ischemia tively activated by Na as well as by Cl. Interestingly,
causes an increase in [Na]i due primarily to the inhibi- the C. elegans ortholog slo-2 is activated by Ca2/Cl
tion of the Na/K-ATPase. The resulting activation of rather than Na/Cl (Yuan et al., 2000). Using mutant
KNa reduces membrane electrical activity, improves Ca2 analysis in C. elegans, we discovered that the SLO-2
current is a major delayed rectifier current in body-wall
muscle and that SLO-2 channels protect against hypoxic*Correspondence: salkoffl@pcg.wustl.edu
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cRNA and injecting it into oocytes; the single electrode
patch clamp system was used to analyze inside-out
patches. Figure 2A, panel i, shows macroscopic currents
from an inside-out patch. In the presence of cytoplasmic
Na, rSLO-2 channels produced large (multi-nanoamp)
Kcurrents that showed slight outward rectification over
a wide voltage range (70 mV to 30 mV). No macro-
scopic channel activity was detected in the absence of
[Na]i (Figure 2A, panel ii). Although the current-voltage
relationship for rSLO-2 shows slight outward rectifica-
tion between70 mV and30 mV, “inward rectification”
is seen at potentials more positive than 30 mV (Figure
2A, panel iii). This phenomenon has been observed in
native KNa and may be due to Na block of the outward
K current (Wang et al., 1991; Egan et al., 1992b). The
activation of macroscopic currents in patches is sharply
dependent on the concentration of sodium ion that the
cytoplasmic side of the patch is exposed to, with the
amplitude of current increasing more than ten times as
the sodium concentration is increased from 10 to 50
mM (Figure 2A, panel iv).
Figure 2B shows single channel activity over many
seconds; activity dramatically decreased when Nai was
removed, but increased upon reintroduction of high
Nai. Like KNa channels from native tissue, rSLO-2 chan-
nels showed rundown. Channel activity decreased with
time, possibly suggesting the wash-out of an intracellu-
lar factor required to maintain full channel activity. This
rundown phenomenon is observed with inside-out
patches of native KNa (Egan et al., 1992b; Dryer, 1993).
Figure 1. Structural Features of Slo2 Channels
SLO-2 channels are members of the Slo gene family of large and Calcium Sensitivity of rSLO-2 Channels
intermediate conductance K channels activated by intracellular rSLO-2 channels were previously reported as being in-
ions. hibited by Ca2i (Joiner et al., 1998). In that study, rSLO-2(A) Schematic representation comparing the structures of voltage-
channels were not exposed to Nai, and therefore, thegated K channels (top), SLO-1 Ca2- and voltage-activated chan-
open probability of channels was very low. We con-nels (middle), and SLO-2 channels (bottom). Both SLO-1 and SLO-2
firmed this observation in the absence of Nai, wherechannels resemble voltage-gated K channels but also contain a
long cytoplasmic carboxyl terminus domain. In SLO-1 channels, the single channel activity, low to begin with, was further
calcium bowl (Schreiber and Salkoff, 1997; Schreiber et al., 1999) reduced with the addition of 100 M [Ca2]i (data not
and two predicted RCK domains (Jiang et al., 2002; Xia et al., 2002) shown). However, in the presence of 80 mM [Na]i, expo-are important for sensing intracellular Ca2. SLO-1 channels also
sure to even higher [Ca2]i (200 M) had no effect oninclude an additional S0 transmembrane domain (Wallner et al.,
channel activity (data not shown). This is consistent with1996; Meera et al., 1997). In place of the calcium bowl, SLO-2 chan-
reports that the native KNa is insensitive to Ca2i (Dryernels contain a chloride bowl (Yuan et al., 2000). SLO-2 channels are
missing an S0 transmembrane domain. et al., 1989; Haimann et al., 1990, 1992).
(B) Sequence alignment in the chloride bowl of SLO-2 channels.
Black-shaded residues are identical in all SLO channels. Gray-
Single Channel Propertiesshaded residues are identical in all SLO-2 channels. Three positions
Single channel properties of rSLO-2 closely resembled(boxed) in SLO-2 channels are notably different between C. elegans
those of native KNa. The single channel conductance ofSLO-2 (nSlo2) and mammalian SLO-2 (rSlo2.2 and mSlo2.2). The
precise locations of the calcium bowl and chloride bowl are shown native KNa channels is strongly dependent on Ko and
in Yuan et al., 2000. Ki (Dryer et al., 1989; Haimann et al., 1990; Safronov
and Vogel, 1996; Mistry et al., 1997). In one example,
native KNa recorded from guinea pig cardiomyocytes had
a conductance of 75 pS in symmetrical 60 mM Ko/Ki
death. Together, these results suggest that Slo2 has and 220 pS in 150/70 mM Ko/Ki (Mistry et al., 1997).
evolved to protect against hypoxia by sensing Na/Cl Similarly for rSLO-2, measured conductance changes
in mammals and Ca2/Cl in C. elegans. depending on Ko/KI; when the K concentration was
increased from symmetrical 80 mM Ko/Ki to symmetri-
cal 160 mM Ko/Ki, the slope conductance increasedResults
from 88  1.8 pS (n  5) (Figure 3A, panel ii) to 165 
6.1 pS (n  3) (Figure 3B, panel ii). As can be seen fromrSlo2 Encodes a Sodium-Activated
Potassium Channel the ramps in both Figures 3A, panel iii, and 3B, panel
iii, the single channel conductance significantly rectifiesWe investigated the properties of rSLO-2 channels in
the Xenopus oocyte expression system by transcribing at positive voltages, so the measured single channel
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Figure 2. rSLO-2 Is Activated by Sodium
(A) Current traces from an inside-out macropatch (2–3 M electrode prior to seal formation) in the presence of 50 mM [Na]i (i) and in 1 mM
[Na]i (ii). Voltage steps (90 to 70 mV) were applied in 10 mV increments from a holding potential of 70 mV. The calculated potassium
equilibrium potential was 78 mV in these experiments. (iii) The current-voltage relationship of the mean current was obtained from seven
macropatches with a holding potential of 80 mV, and voltage steps from 80 to 80 mV in 10 mV increments. (iv) Plot of normalized IKNa
obtained upon perfusion of inside-out patches with different Na concentrations as indicated.
(B) Single channel currents from an inside-out patch (10 M electrode prior to seal formation) held at 60 mV and perfused with 80 mM [Na]i
or 0 mM [Na]i shown on an expanded time scale (i) and a compressed time scale (ii). Four unitary conductance levels can be seen. The
arrowhead indicates a gap of 50 s of data not shown. Symmetric (80 mM) K was used in these experiments.
(C) Current trace of an uninjected oocyte. Although a previous report indicated that endogenous KNa were sparsely present in the membrane
of Xenopus oocytes (Egan et al., 1992a), recordings from inside-out patches of uninjected oocytes under the conditions we used did not
reveal any Na-activated K channels (n 10). On the other hand, most (90%) of the patches from oocytes injected with Slo2 cRNA produced
multiple channels in high [Na]i, and macroscopic currents were observed in a majority of macropatches 3–5 days post injection. For the
macropatch experiments, the pipette solution contained (in mM) 145 Na-gluconate, 5 KCl, 5 Ca2-gluconate, 3 Mg2-gluconate, 11 dextrose,
5 HEPES (pH 7.4) with NaOH. The bath solution contained (in mM): 110 KCl, 50 NaCl, and 5 HEPES (pH 7.3) with KOH. NaCl was replaced by
choline-Cl for the dose-response curve. In single channel experiments, the pipette solution contained (in mM) 80 K-gluconate, 80 Na-
gluconate, 5 HEPES, 2 MgCl2 (pH 7.2) with KOH. The bath solution contained (in mM) 80 KCl, 80 NaCl, or 80 choline-Cl, 5 HEPES, 5 EGTA
(pH 7.2) with KOH.
conductance varies with the voltage at which it is mea- Whole Cell Currents
Whole-cell recordings from neurons indicate that I(KNa)sured.
Native KNa channels also have prominent subconduc- may be an outwardly rectifying current under physiologi-
cal conditions (low Ko/high Ki) (Schwindt et al., 1989;tance states (Wang et al., 1991), and subconductance
states were also observed for rSLO-2 channels (Figures Dale, 1993). We also observed large outward whole cell
currents in rSlo2-injected oocytes analyzed with the3A, panel i, and 3B, panels i and iii, arrows). In experi-
ments shown in Figure 3B, panel iii, single channels of two-electrode voltage clamp technique under physio-
logical conditions (Figure 4A, panel i). These currentsapproximately 162 pS were observed (at80 mV) along
with single channels with a subconductance level of closely resembled macroscopic currents from inside-
out macropatches using low K, high Cl external (pi-approximately 50 pS. Single KNa channels are more
strongly inwardly rectifying when Ko  Ki (Luk and pette) solution (Figure 4A, panel ii). In these conditions
virtually all macroscopic patch current was outward.Carmeliet, 1990) or when [Na]i is high (Wang et al.,
1991; Egan et al., 1992b). The inward rectification of Note that ECl is approximately 87 mV in these experi-
ments. Thus, any contaminating chloride currents wouldrSLO-2 channels was also weaker in 160 mM Ko/Ki
(Figure 3B, panels ii and iii) compared to 80 mM Ko/Ki be inward, and virtually no inward current was observed.
Whole cell currents from oocytes differed from currents(Figure 3A, panels ii and iii).
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Figure 3. Single rSLO-2 Channels
Single channel conductance of rSLO-2 is dependent on Ko and Ki.
(A) Single channels recorded from an inside-out patch in 80 mM symmetrical Ko/Ki. (i) Currents from a patch held at60,40, 40, and 60
mV. Arrows indicate subconductance states. (ii) Mean current-voltage relationship of single channels from multiple patches (n  5). The slope
conductance, measured from 60 to 10 mV, is 88  1.8 pS. (iii) Currents evoked by 12 superimposed voltage ramps from 80 to 80 mV.
Three main conductance levels are present (horizontal lines). The pipette solution contained (in mM) 80 K-gluconate, 80 Na-gluconate, 5
HEPES, 2 MgCl2 (pH 7.2) with KOH. The bath solution contained (in mM) 80 KCl, 80 NaCl, 5 HEPES, 5 EGTA (pH 7.2) with KOH.
(B) Single channels recorded from inside-out patches in 160 mM symmetrical Ko/Ki. (i) Currents from a patch held at60,40,40, and60
mV. Arrows indicate subconductance states. (ii) Mean current-voltage relationship of single channels from multiple patches (n  3). The slope
conductance, measured from 60 to 10 mV, is 165  6.1 pS. (iii) Currents evoked by 12 superimposed voltage ramps from 80 to 80
mV. Two main conductance levels are present (horizontal lines). Subconductance states of approximately 50 pS (at 80 mV) are indicated
by arrows. The pipette solution contained (in mM) 156 K-gluconate, 4 KCl, 10 HEPES (pH 7.3) with KOH. The bath solution contained (in
mM) 100 KCl, 30 K-gluconate, 10 HEPES, 11 EGTA (pH 7.2) with 30 KOH.
seen in macropatches in two respects: a larger percent- Coactivation by Chloride
An unusual property of slo-2, the C. elegans ortholog ofage of the current showed time dependence of activa-
tion (Figure 4A) and whole cell currents lacked the in- rSlo2, is the dependence of the encoded channels on
[Cl]i for activation. Hence we tested rSLO-2 channelsward rectification or block seen at positive voltages in
currents from macropatches (Figure 4B). for [Cl]i dependence and found that they too are acti-
rSLO-2: A Sodium-Activated Potassium Channel
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Figure 4. Whole Cell rSLO-2 Currents from Heterologous Expres-
sion in Xenopus Oocytes Compared with Currents from Macro-
patches
(A) (i) Current traces from a Xenopus oocyte injected with rSlo2
cRNA and analyzed with the two-electrode voltage clamp method.
Approximately 15 A of outward current was present while unin-
jected control oocytes expressed less than 100 nA of current. Volt-
age steps (80 to 40 mV) were applied in 10 mV increments from
a holding potential of 70 mV. Fitting the time-dependent rise of
current at 80 mV with a single exponential produced a time con-
stant of approximately 70 ms. Recording pipettes were filled with
3 M KCl, and the oocyte bath solution contained (in mM) 96 NaCl,
Figure 5. rSLO-2 Is Activated by Chloride
2 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES (pH 7.5) with NaOH. (ii) Current
(A) Current traces from an inside-out macropatch (2 M electrodetraces from an inside-out macropatch (2–3 M electrode prior to
tip) in the presence of 160 mM [Cl]i (i) and in the absence of [Cl]iseal formation) in the presence of 50 mM [Na]i. Voltage steps (80
(ii). Voltage steps (70 mV to 70 mv) were applied in 10 mV incre-to40 mV) were applied in 10 mV increments from a holding poten-
ments from a holding potential of 0 mV. (iii) The current-voltagetial of 70 mV. Solutions are similar to those used in Figure 2A,
relationship of the mean current between 700–800 ms. The pipettepanel i.
solution contained (in mM) 80 K-gluconate, 80 Na-gluconate, 5(B) The normalized current-voltage relationship of the maximal cur-
HEPES, 2 MgCl2 (pH 7.2) with KOH. The bath solution contained (inrent from the above traces. The currents reversed close to the potas-
mM) 80 KCl or 80 K-gluconate, 20 NaCl and 60 choline-Cl or 20sium ion equilibrium potential (78 mV in macropatch experiments).
Na-gluconate and 120 dextrose, 5 HEPES, 5 EGTA (pH 7.2) with
KOH.
(B) (i) Dose-response relationship for [Na]i at 160 mM [Cl]i or 10vated by Cli (Figure 5A). This activation by Cli is seen mM [Cl]i. (ii) Dose-response relationship for [Cl]i at 80 mM [Na]i oronly when Nai is present (Figure 5B, panel i). This is 20 mM [Na]i. Currents for the dose-response curves were measured
similar to C. elegans SLO-2, where Cli activation is seen and averaged over a 1 s interval at 60 mV, and each patch was
only in the presence of Ca2i. Notably, C. elegans SLO-2 normalized to the current elicited in 80 mM [Na]i and 160 mM [Cl]i.
Each experiment was completed within 120 s to minimize rundownis activated by Ca2i and Cli, instead of Nai and Cli.
and was perfused in order of decreasing [Na]i or [Cl]i.This difference in ionic sensitivity between C. elegans
SLO-2 and rSLO-2 may reflect a relatively greater reli-
ance on voltage-dependent Ca2 channels for inward
the [Nai]50 was approximately 15 mM with 160 mM [Cl]i,current in C. elegans.
but approximately 70 mM with 10 mM [Cl]i (data notIn C. elegans SLO-2, the dual requirement for Ca2i
shown). The [Cli]50 was approximately 8.1 mM with 80and Cli is absolute: no significant macroscopic currents
mM [Na]i, and 131 mM with 20 mM [Na]i (data notare seen in the absence of either ion (Yuan et al., 2000).
shown).In contrast, for rSLO-2, the requirement for Cli is not
absolute; Cli enhances channel activation, but chan-
nels are active at lower levels with Nai alone. This dual Two Mammalian Slo2 Genes
A search through the mouse genome database revealedactivation shows evidence of cooperativity (synergy).
That is, the activity of the channel in the presence of a gene (mSlo2.2) with a primary amino acid sequence
with high similarity to rSlo2 (96% identity in S1-S6) andboth ions is greater than the sum of the activity in either
ion alone (Figure 5B, panels i and ii). Such cooperativity is most likely its ortholog. An ortholog of rSlo2 is also
present in the human genome. We determined the tissuecould be important in allowing the channel to function
in the physiological range of intracellular ion concentra- distribution of mSlo2.2 using RT-PCR. mSlo2.2 was de-
tected in brain, kidney, testis, and faintly in heart (Figuretions. Fitting plots with the Hill equation, we found that
Neuron
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Figure 6. Expression of Two Slo2 Paralogues in Different Tissues
from Mouse
Results from RT-PCR experiments using primers specific for mouse
Slo2.2, mouse Slo2.1, and a -actin control. Note that Slo2.2 is the
mouse ortholog of rSlo2. Slo2.2 was detected in brain, kidney, and
testis. A faint signal was also detected in heart. Slo2.1 was detected
Figure 7. The SLO-2 Current Is the Major Component of the Delayedin all tissue types tested. A plus sign indicates the addition of reverse
Rectifier in C. elegans Muscletranscriptase to the reaction. A minus sign indicates a control in the
absence of reverse transcriptase. (A) Current traces from whole-cell patch clamp recordings of wild-
type and slo-2 mutant muscle cells in culture. (i) In most (15/22) wild-
type cells, the delayed outward current is larger than the transient
current. (ii) In all (15/15) slo-2(nf100) mutant cells, the transient cur-6). A second paralogue (mSlo2.1), a more distant relative
rent is the larger component. The average delayed current measuredof rSlo2, was also found in the mouse and human ge-
between 800 and 900 ms at 60 mV was 37.6  5 pA/pF (n  22)
nomes. mSlo2.1 was more widely distributed and was for wild-type cells, and 10.0  1 pA/pF (n  15) for mutant cells.
detected in brain, heart, skeletal muscle, kidney, testis, (B) Current traces from whole-cell patch clamp recordings of wild-
lung, and liver (Figure 6). This data indicates that mSlo2.2 type and slo-2 mutant body wall muscle cells recorded in situ from
adult animals. (i) In most wild-type cells (4/5), the delayed currentmay be specialized mostly for brain, while mSlo2.1 may
is larger than the transient component. (ii) In all (6/6) of the slo-function in broader roles. A newly published study of
2(nf100) mutant cells, the transient current is the larger component.the distribution of rSlack (rSlo2.2) in rat brain using an
The average delayed current measure between 800 and 900 ms at
antibody specific to that channel has found the highest 60 mV was 130.1 21 pA/pF (n 5) for wild-type cells, and 48.8
intensity of staining in the mitral cells of the olfactory 10 pA/pF (n  6) for mutant cells. Voltage steps (70 mV to 60
bulb (Bhattacharjee et al., 2002). Significantly, the high- mV) were applied in 10 mV increments with a holding potential
of 70 mV. We confirmed these results with two slo-2 deletionest density of KNa channels detected in rat brain by elec-
alleles: slo-2(nf100) and slo-2(nf101) (Wei et al., 2002). The pipettetrophysiology are from the mitral cells of the olfactory
solution contained (in mM) 120 KCl, 20 KOH, 4 MgCl2, 5 Tris, 0.25bulb (Egan et al., 1992b).
CaCl2, 36 sucrose, 5 EGTA, 4 Na2ATP (pH 7.2) with HCl. The external
solution contained (in mM) 140 NaCl, 5 KCl, 5 CaCl2, 5 MgCl2, 11
dextrose, 5 HEPES (pH 7.2) with NaOH.C. elegans SLO-2 Is a Major Current in Muscle
In order to determine what role SLO-2 plays in vivo, we
generated two slo-2 deletion mutants in C. elegans (Wei
15). These results suggest that slo-2 encodes high-con-et al., 2002). Using a recently developed C. elegans cell
ductance channels and that these channels constituteculture technique (Christensen et al., 2002), we recorded
the major component of the delayed outward current infrom wild-type and slo-2(nf100) mutant cells in culture.
these cells.We discovered that currents recorded from muscle cells
Because the cultured muscle cells were embryonic inconsisted of two major components, one transient and
origin, we confirmed our results in adult body wall mus-one delayed. Currents recorded from the slo-2 mutant
cle cells using the filleted worm prep (Richmond andhad a dramatically reduced delayed component. To
Jorgensen, 1999; Wang et al., 2001). As in cultured cells,quantify the amplitude of the delayed component in
a comparison of adult wild-type and mutant cellswild-type and slo-2 mutant cells, we measured the cur-
showed that the average size of the delayed outwardrent near the end of a 900 ms voltage step in both wild-
current in wild-type cells was much larger than in mutanttype and slo-2 mutants. The average size of the delayed
cells (130.1  21 pA/pF [n  5] compared to 48.8  10outward current at60 mV in wild-type cells was 37.6
pA/pF [n  6] in mutant cells) (Figure 7B). As with cells5 pA/pF (n  22) compared to 10.0  1 pA/pF (n 
in culture, the delayed, noninactivating current was the15) in slo-2 mutant cells. This difference is shown in
major component in most wild-type cells (Figure 7B,representative current traces in Figure 7A. In addition
panel i), but in 100% of mutant slo-2 cells, the transientto quantitative differences between outward currents in
current was the major component (Figure 7B, panel ii).wild-type and slo-2 mutant cells, there were qualitative
differences as well. In 100% of the slo-2 mutant cells,
the transient current was the major outward component slo-2 Mutants Are Hypersensitive to Hypoxic Death
Mammalian KNa is found in both cardiomyocytes (Ka-(Figure 7A, panel ii). In wild-type cells, single channel
openings of a large conductance channel were ob- meyama et al., 1984; Luk and Carmeliet, 1990) and neu-
rons (Bader et al., 1985; Dryer et al., 1989; Schwindt etserved, which resulted in a choppy, high noise level of
current traces. However, in the mutant cells, openings of al., 1989; Egan et al., 1992b; Dale, 1993; Safronov and
Vogel, 1996; Bischoff et al., 1998), where it may serve alarge conductance single channels were never observed
and the noise level of current recordings was lower (n protective role against ischemia by reducing membrane
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excitability during hypoxic stress (Kameyama et al., tion would almost certainly abolish any active inward
current response. Conceivably, such a large number of1984; Dryer, 1994). Since [Cl]i as well as [Na]i and
[Ca2]i rise during hypoxia (Kameyama et al., 1984; Lai SLO-2 high-conductance channels could furnish a cell
with a kind of “safety net” to provide early, “fail-safe”and Nishi, 1998), activation of rSLO-2 by Cli as well as
Nai may boost its ability to sense and react to hypoxic interception and amelioration of the detrimental effects
of hypoxia/ischemia, but only a tiny fraction of theseconditions. SLO-2 in C. elegans could offer analogous
protection against hypoxia by sensing Ca2i and Cli. channels need be active to respond to the initial effects
of hypoxia. A similar mechanism may occur in neuronsUsing an assay for hypoxic death in C. elegans (Scott
et al., 2002), we compared the response of wild-type (Haddad and Jiang, 1993), where Slo2 may also play a
protective role in intercepting the early effects of isch-animals to slo-2 mutants and a mutant of the slo-1 gene
used as a control; slo-1 encodes a Ca2 but not Cl- emia. Sodium-activated potassium channels are abun-
dant in many mammalian cells and perhaps act similarlyactivated K channel (Wang et al., 2001). After a 16 hr
incubation in a hypoxic chamber (Experimental Pro- in that usually, only a tiny fraction of this large potential
conductance is ever used. Channels held in reserve,cedures), 58%  6% of wild-type animals died, com-
pared to 86%  2% of slo-2 mutants [both deletion which are not usually active, may represent the last line
of defense against the more pathological conditions thatstrains combined: 87%  2% of slo-2(nf100), 84% 
3% of slo-2(nf101)]. Student’s t test showed that slo-2 accompany ischemia, namely a rise in the bulk concen-
trations of intracellular ions that can lead to a fatal os-mutants were significantly more sensitive to hypoxia
than wild-type (p 	 0.001), whereas a slo-1 control was motic imbalance.
not significantly different (p 0.818) (60% 6% of slo-1
[md1745]). Mechanism of Na/Cl-Activation
The activation of rSLO-2 by Na and its C. elegans or-
tholog by Ca2 poses an interesting question. What isDiscussion
the mechanism of Ca2/Cl or Na/Cl sensing? Site-
directed mutagenesis previously showed that a regionRole of KNa
in the tail of the C. elegans SLO-2 channel (“chlorideA long-standing controversy concerning the role of KNa is
bowl”) is important for sensing Ca2i and Cli (Yuan etthe ability of the channel to function under physiological
al., 2000), and the “calcium bowl,” an analogous regionconcentrations of Nai. Reports of the Na sensitivity
in the BK (SLO-1) channel, is important for sensingof KNa vary widely, ranging from an EC50 of 7.3 to 80
[Ca2]i (Schreiber and Salkoff, 1997; Schreiber et al.,mM (Dryer, 1994). During ischemia or hypoxia, [Na]i
1999). The calcium bowl consists of a string of negativelyincreases due to a failure of the Na/K-ATPase to pump
charged amino acid residues that are perfectly con-Na out (Kameyama et al., 1984). Since [Cl]i also in-
served in all SLO-1 channels. These negative chargescreases during ischemia, coactivation by both factors,
may help to coordinate Ca2 in SLO-1 channels. In con-Na and Cl, makes it seem more likely that the rSLO-2
trast, the chloride bowl consists of a string of positivelychannel may be, at least, partially active under condi-
charged residues in many positions that correspondtions of ischemia. Nevertheless, this question has not
to negative charges in the calcium bowl (Figure 1B).been settled and requires further investigation. Intracel-
Whether these residues help coordinate Cl and per-lular chloride is reported to rise to approximately 55 mM
haps even cooperatively bind Ca2 remains to be deter-in some instances of simulated cardiac ischemia (Lai
mined. Nevertheless, site-directed changes in the chlo-and Nishi, 1998). Intracellular sodium ion has been re-
ride bowl produced one mutant that significantlyported to range from approximately 19 mM (Nakamura
reduced sensitivity of gating to both Ca2 and Cl andet al., 1999; Kline et al., 1992) to 72 mM (Pogorelov et al.,
another mutant that eliminated sensitivity to Ca2 and2002). We undertook experiments within these values in
Cl altogether (Yuan et al., 2000). Hence, differences inFigure 5, panel ii. From the plot in 20 mM Na, we esti-
the amino acid sequence between the mammalian andmate that the current will reach approximately 0.18 of
C. elegans SLO-2 channels in this region may conceiv-Imax at 55 mM Cl. However, a sensitivity to chloride
ably relate to differences between C. elegans SLO-2ion has not yet been demonstrated for native sodium-
and rSLO-2 with respect to Ca2/Cl versus Na/Clactivated potassium channels. In one instance, sodium-
activation (Figure 1B).activated potassium channels were analyzed in the
In Slo1 channels, a second region possibly corre-presence of high levels of chloride, and those channels
sponding to a RCK domain (Jiang et al., 2001, 2002)did not show a particularly high sensitivity to sodium
has recently been discovered to also be important forion (Dryer et al., 1989). Because more than one gene
sensing Ca2 (Jiang et al., 2001, 2002; Xia et al., 2002).may encode KNa channels, and because other factors
Conceivably, one or more RCK domains are also presentsuch as alternative RNA splicing and accessory subunits
in Slo2 at corresponding sites. Such regions might alsomay increase the functional heterogeneity of KNa chan-
be important for determining the gating properties in C.nels, many questions regarding the physiological roles
elegans and mammalian SLO-2 channels.and sodium sensitivity of this intriguing class of channels
remain to be investigated.
One point to consider is that, perhaps, only a small Evolution of a Na/Cl-Activated Channel
The difference in ion dependence of gating between thenumber of SLO-2 channels may ever be active, except
under the most extreme conditions. The C. elegans data SLO-2 orthologs in C. elegans and mammals may reflect
a relatively more important role that Ca2 plays in C.shows that SLO-2 represents such a large potential out-
ward current in the muscle cells that its complete activa- elegans since a voltage-gated Na channel is apparently
Neuron
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M dNTPs at 42
C for 1 hr. Five percent of each first strand reactionabsent (Bargmann, 1998). It has been suggested that
was assayed by PCR using 0.5M oligonucleotides, 200M dNTPs,Ca2 channels may have preceded Na channels in evo-
and 1.0 unit of Taq DNA polymerase and cycled 35 times. Reactionlution (Hille, 1992). Perhaps a Ca2/Cl-activated Slo
products were electrophoresed on 2% agarose gels, using Tris bo-
channel was present in a common ancestor to C. ele- rate (TBE) buffer and visualized with ethidium bromide. Sequence
gans and vertebrates. Following the evolution of Na of PCR primer pairs and cycling conditions available upon request.
channels and its rise to prominence in carrying inward
Cell Culturecurrent, this ancestral Slo channel may have evolved to
Embryonic cells were isolated and cultured as described in Chris-sense Na/Cl instead of Ca2/Cl.
tensen et al. (2002) with the following modifications. Nematode eggs
were not separated from adult carcasses in a sucrose gradient.
Protection against Hypoxia May Be a Conserved Role Cellular debris and carcasses were removed upon filtration. Muscle
Using a hypoxic death assay, slo-2 mutants showed cells were identified based on their distinctive morphology in cell
culture. An integrated myo-3::GFP transformed strain, which labeledhypersensitivity to hypoxic death, suggesting that slo-2
the body wall muscle cells with GFP, verified the method of identifi-in C. elegans protects against the detrimental effects of
cation (Christensen et al., 2002).hypoxia. During hypoxia, an increase in intracellular Na
is followed by an increase in intracellular Ca2 and Cl.
In Situ Muscle Recordings
A possible scenario is that in mammals, the rise in Na/ Adult nematodes were filleted and prepared for single electrode
Cl activates SLO-2 channels, while in C. elegans, the whole-cell recording of body wall muscle as previously described
rise in Ca2/Cl causes activation. The resulting activa- (Richmond and Jorgensen, 1999; Wang et al., 2001).
tion of SLO-2 may protect the cell by hyperpolarizing
Hypoxia Assaythe resting potential, limiting electrical activity, and im-
Synchronous unstarved NGM agar cultures of adult C. elegans,proving Ca2 transport.
two days post L4 stage, were transferred with 1 ml M9 to 1.5 ml
polypropylene tubes and were placed in the hypoxia chamber
Clinical Relevance (Forma Scientific, model #1025) filled with anoxic gas (5% CO2, 10%
The identification of the molecular identity of KNa will H2, 85% N2) and maintained at 27
C. The M9 was replaced three
times with 1 ml of M9 (that had been vigorously bubbled for 30 minallow for the development of specific agonists and an-
with anoxic gas) with the final wash removed to leave the animalstagonists. New therapies might be developed for treat-
in 100 l. Oxygen tension in the hypoxia chamber was 	0.2% asment of any condition involving hypoxia including an-
measured by an O2 meter and electrode (Microelectrodes, Inc.; OM4gina, stroke, cardiac ischemia, cardiac arrhythmias, meter, MI730 electrode). After the hypoxic incubation period, the
brain trauma, fetal hypoxia, and hypoxia during organ animals were transferred back to agar plates and allowed to recover
transplantation. In this latter role, preconditioning or- in room air for 24 hr before scoring for spontaneous or evoked
movement (touching with a platinum wire). Animals not moving weregans for transplant using KATP channel openers now ap-
scored as dead (as a control experiment, we determined that 0% ofpears to be highly effective (Zhang et al., 2001). Indeed,
wild-type and mutant animals (nf100) died with a similar incubation inhypoxic preconditioning may prove to be the key to
atmospheric O2). Student’s t test was used to assess statisticalsuccess in many operations involving brain and heart. significance. There was no significant change in pH in these experi-
Because sodium-activated potassium channels are ments. The buffer used in the slo-2 hypoxia experiments was M9.
widespread, openers for this channel may be equally or M9 is a modified phosphate-buffered saline, 86 mM NaCl, 42 mM
Na2HPO4, 22 mM KH2PO4, 1 mM MgSO4 (pH 6.98–7.02). Deoxygenat-more effective than openers for KATP in clinical medicine.
ing M9 with the hydrogen, nitrogen, CO2 mixture results in a negligi-
ble drop in pH of 0.01–0.05 units to 6.97.Experimental Procedures
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